Thirty tektites from East Asia (including Wenchang and Penglei of Hainan Island, Maoming of Guandong, China; Khon-Kaen of Thailand; Bao Loc of Vietnam; Rizal of Luzon, Philippines) have been analyzed for major and trace element contents and Rb-Sr isotopic compositions. All the samples studied are splash form tektites. The trace element ratios Ba/Rb (avg. 3.74), Th/Sm (avg. 2.31), Sm/Sc (avg. 0.43), Th/Sc (avg. 0.99) and the rare earth elements (REE) contents of tektites studied are similar to the average upper continental crust. The chemical data of tektites in this study indicate that they were derived from similar target rocks which may be related to post-Archean upper crustal materials. The tektites from East Asia have high positive ε Sr (0) values-ranging from 164.2 to 198.6, indicating that they were not dominantly derived from recent young sediments, such as soil or loess. The Ar-Ar ages (736.8 ± 55.5~814.6 ± 24.4 ka) of tektites of the present study are consistent with the age of other Australasian tektites, which indicates that all Australasian tektites were derived from a single impact event. Previous studies (Koeberl, 1992; Blum et al., 1992; Schnetzler, 1992 ) and the present chemical data suggest that these tektites are the result of melting at a single site, which is most probably located in the southern part of the Thailand-Laos border. Mixing calculations based on the model suggested by Ho and Chen (1996) for various amounts and combinations of target rocks indicate that the best fit for East Asia tektites is a mixture of 61% greywacke, 32% sandstone and 7% shale.
INTRODUCTION
Tektites are relatively homogeneous, dense glass objects found scattered over large areas of the Earth's surface called strewn fields. Four strewn fields are known common names and approximate ages are: North American, 34.9 Ma (Storzer and Wagner, 1971) ; Central European, 14.5 Ma (Schwarz and Lippolt, 2002) ; Ivory Coast, 1.07 Ma (Koeberl et al., 1997) and Australasian, 0.77 Ma (Izett and Obradovich, 1992) . Tektites found within a given strewn field are related with respect to their physical and chemical properties besides their age. The smallest strewn field is the Central European, and the largest is the Australasian field. Some of the strewn fields can be divided into different substrewn fields. For example, some of the North American tektites can be subclassified as bediasites (Texas) and georgiaites (Georgia). The Central European strewn field includes tektites named moldavites from Moravia and Bohemia, whereas the Australasian strewn field consists of several subfields.
1 2 Y .-T. Lee et al. product of hypervelocity impact on Earth and represent melted target rock ejected during crater formation (Glass, 1990; Wasson, 1991; Blum et al., 1992; Koeberl, 1994) . Recently, Futrell (2000) made a case for lunar provenance, based on the theory that tektites could have erupted as volcanics at the lunar surface, but the case has been retorted by Glass (2000) , who argued that the silica-rich igneous material in lunar samples is miniature and that it is petrographically and compositionally distinct from tektite glass.
Lead isotope data (Wampler et al., 1969) indicate that the parent material of tektites is terrestrial, and consistent with young sediments, including oceanic sediments. Based on 10 Be contents of tektites, several authors (Blum et al., 1992; Koeberl, 1992) favor a sedimentary origin for the parental material of Australasian tektites. According to 10 Be contents (about 1 × 10 8 atoms) of Australasian tektites, Pal et al. (1982) suggested that cosmic-ray bombardment of the australites cannot produce the measured amounts of 10 Be either at the earth's surface or in space, indicating a sedimentary precursor that adsorbed from precipitation 10 Be produced in the atmosphere.
The purpose of the present study is to analyze the major and trace elements (including rare-earth elements, REE) and the Rb-Sr isotopic ratios and to date the tektites by Ar-Ar method in order to shed some light on the origin of the tektites, their parent material and the possible source crater.
SAMPLES AND ANALYTICAL METHODS
The tektites were sampled personally by K. S. Ho and W. S. Juang from Wenchang (5 samples) and Pengli (5 samples) of Hainan Island, Maoming (5 samples) in Guandong, China, Khon-Kaen (5 samples) in Thailand, Bao Loc (5 samples) in Vietnam and Rizal (5 samples) in Luzon, Philippines (Fig. 1) . All the tektite samples are complete pieces and their weights ranging from 3.88 g to 7.09 g for Wenchang, 1.64 g to 9.27 g for Pengli, 34.8 g to 74.5 g for Maoming, 11.45 g to 17.83 g for 20 .64 g to 30.02 g for Bao Loc and 11.4 g to 59.3 g for Rizal. The 30 tektites samples in the present study all belong to the splash-form and they are oval, elongated or dumbbell-shaped.
Thirty samples were cleaned with distilled water and Sato, 1992) .
Geochemical studies of tektites 3 acetone in ultrasonic cleaner and crushed into chips by a hammer while the samples were wrapped with plastic sheets. Several larger glass chips were selected and ground into powders in an agate mortar. The chemical analyses of tektites from East Asia have been carried out by colorimetry (Si, Al, Ti, P), atomic absorption (Fe, Mg, Ca, Na, K, Mn) and inductively coupled plasma mass spectrometry (Ba, Co, Cr, Cs, Cu, Hf, Ga, Li, Nb, Ni, Rb, Sc, Sr, Ta, Th, U, V, W, Y, Zr, Zn and REEs) at the National Taiwan and Tsing-Hua Universities.
Calibration curves were constructed using U.S.G.S. standard rocks AGV-1, BCR-1, W-2, and G2 and NBS 278 standard obsidian. Values for these rock standards were adapted from compilations by Govindaraju (1994) . The precision of the analyses in the present study are as follows: ΣFeO ± 1.46%, MgO ± 1.14%, CaO ± 1.79%, Na 2 O ± 0.95%, K 2 O ± 1.58%, MnO ± 1.88%, Cr ± 1.93%, Cu ± 1.04%, Zn ± 1.37%, Rb ± 1.95%, Sr ± 1.16%, Y ± 1.99%, Nb ± 4.03%, Ba ± 1.14%, La ± 1.31%, Ce ± 1.47%, Nd ± 2.65%, Sm ± 1.45%, Eu ± 2.15%, Tb ± 3.19%, Yb ± 2.06%, Lu ± 3.45%, Hf ± 4.18% and Th ± 3.02%.
Seven tektites (TK-2, W-1, W-2, W-3, BL-12, BL-14 and BL-20) were selected for Rb-Sr isotopic composition analyses. Each tektite (about 2 gm) after cleaning with acetone and distilled water, was individually dissolved in a HF-HNO 3 mixture; and tracers ( 84 Sr and 87 Rb) addition and chemical separations followed. Isotopic compositions of the Rb and Sr were measured using a Finnigan MAT 261 mass spectrometer at AMDEL Company, Thebarton, Australia.
Ages of five representative tektites (W-1, W-2, KK-1, M-01 and M-03) were analyzed by the Ar-Ar method. About 1.5 to 3 gm of 40-120 mesh from each sample was wrapped in aluminum foil packets and stacked in aluminum canister with LP-6 biotite standard (127.7 ± 1.4 Ma, Odin, 1982) and HDB-1 biotite (24.7 ± 0.4 Ma, Fuhrmann et al., 1987) and irradiated in the Open Pool Reactor at National Tsing-Hua University with neutron flux of 1.566 × 10 13 n/cm 2 sec for 8 hours. After irradiation, samples were loaded in degassed fused silica boats, and placed into a degassed fused quartz tube, baked at 250°C for 24 hours and then incrementally heated following a 30-min. per step schedule using a resistance furnace. The purified gas was analyzed with a Varian-MAT GD 150 mass spectrometer. The concentrations of 36 Ar, 37 Ar, 38 Ar, 39 Ar and 40 Ar were corrected for system blanks, for radioactive decay of the nucleogenic isotopes and for minor interference reactions involving Ca, K and Cl, following procedures outlined in detail by Lo and Lee (1994) . A weighted mean of J values obtained from the analyses of irradiation standard minerals is adopted in the age calculations. Integrated dates were calculated from the sum total of the peak heights and their errors from the square root of the sum of squares of the peak height errors, for all of the temperature steps. The detailed results of 40 Ar/ 39 Ar laser fusion experiments are listed in Table 5 .
CHEMICAL CHARACTERISTICS OF THE TEKTITES FROM EAST ASIA
Major element composition Koeberl (1990) indicated that tektites are characterized by high SiO 2 content (65 to 85 wt%) and rather high FeO and low alkali contents. Most tektites from East Asia have SiO 2 contents ranging from 71 to 81 wt% which is consistent with previous observation on Australasian tektites (Table 1 ). Based on the high abundance of silica in the tektites and the occurrence of 10 Be in the tektites (Tera et al., 1983; Englert et al., 1984; Pal et al., 1982) , the lunar volcanic origin for tektites may be excluded. The major oxide composition of tektites from different localities in the present study, except Al 2 O 3 and CaO, are generally uniform. The relative depletion of Al 2 O 3 in tektites from Maoming, Guandong, China (Al 2 O 3 averaging 7.06 wt%) and Rizal, Luzon Philippines (Al 2 O 3 averaging 6.07 wt%) may be related to the lower content of shale in the source rocks. In addition, the variable contents of CaO in the East Asian tektites may be due to different amounts of limestone involved during the formation of the tektites.
Except for higher Na 2 O, the average chemical compositions of tektites in this study closely resemble that of splash-form indochinites (Table 2 ). Except for Na 2 O, CaO and K 2 O the concentrations of the major oxides are similar to those of the upper continental crust (Fig. 2) (Taylor and McLennan, 1985) . The relatively lower Na 2 O, CaO and K 2 O contents found in the tektites of this study suggest that the source material probably contains relatively low contents of carbonate and feldspar. Plots of total FeO versus other major oxides allow the tektites from different substrewn fields to be distinguished (Koeberl, 1990) (Fig. 3) .
Trace element composition
Except for Co, Ga and Sc, the average trace element contents of the tektites in this study closely resemble the average composition of previously analyzed splash-form indochinites (Fig. 4) . Comparison of trace element data between tektites in this study and the average upper crust (Fig. 5) suggests that some trace elements correlations are not close (i.e., Cr, Li, Sc, Co, Hf and Cs). However, Ba, Rb, Ga and U are closely correlated between the tektites analyzed and the upper continental crust.
Most scientists favor a terrestrial sedimentary precursor material for tektites (Taylor, 1973; Koeberl, 1986 Koeberl, , 1992 . Sedimentary rocks have higher Th/U ratios than igneous rocks (McLennan and Taylor, 1980) . The high Th/U ratios (>6) found in tektites of this study indicate that sedimentary rocks may be the major source materials of these tektites. The ratios of Ba/Rb, K/U, Th/Sm, Sm/Sc and Th/Sc were used by Koeberl (1994) (Koeberl, 1992) ; I, Average splash-form indochinites (Koeberl, 1992) ; J, Average upper continental crust (Taylor and McLennan, 1985) .
nental crustal source. The average element ratios of tektites of the present study (Ba/Rb = 3.74, Th/Sm = 2.31, Sm/Sc = 0.43, Th/Sc = 0.99) (Table 3 ) are similar to those of average upper continental crust. The lunar provenance of tektites suggested by Futrell (2000) is unlikely (Fig.  6 ), on the other hand, a La vs. Th plot (Fig. 7) indicates that the tektites in this study cluster around the correlation line defind by post-Archean sediments (La/Th = 2.8) and differ from the Archean sediment correlation line (La/ Th = 3.5; Taylor and McLennan, 1985) which indicate that these tektites may be derived from post-Archean sedimentary rocks such as sandstones, greywacke and shale.
The rare-earth elements composition
The rare-earth elements (REEs) are among the most important trace elements useful in petrogenetic studies of the parent rocks because their patterns are not affected by melting or metamorphic processes. Impact processes (Taylor and McLennan, 1985) .
Fig. 2. Comparison of average major element compositions of East Asia splash form tektites (this study) with average compositions of upper continental crust

Fig. 3. Plots of total Fe (as FeO) versus major elements for splash form tektites from East Asia (this study) and Muong
Nong-type tektites (Koeberl, 1992) . (Koeberl, 1992) .
Fig. 4. Comparison of trace element compositions of East Asia splash form tektites (this study) with (A) average trace element compositions of splash-form indochinites, (B) average trace element compositions of Muong Nong-type indochinites
do not alter the REE patterns significantly, with the possible exception of affecting the most volatile REEs if fractional vaporization took place (Koeberl, 1990) . Several authors (Taylor and McLennan, 1979; Koeberl, 1990 Koeberl, , 1992 Wasson, 1991; Ho and Chen, 1996) concluded that the LREE in the Australasian tektites are strongly enriched relative to chondritic abundances and that the REE patterns of these tektites are similar to those of upper crustal sedimentary rocks.
The REE patterns for tektites in this study are similar to those of previously analyzed splash-form indochinites (Fig. 8) , indicating that they are all derived from similar parent rocks of upper continental crust affinity. The present authors further excluded the lower crust and oceanic crust as source rocks of these tektites due to their different REE patterns (Fig. 9) .
Regional compositional variations
The upper continental crust (UCC, Taylor and McLennan, 1985) normalized compositional distributions of splash form tektites from East Asia (data from Table  2 ) are shown in Fig. 10 . It should be noted SiO 2 and K 2 O show relatively restricted variation indicating that the contribution of quartz and K-feldspar are relatively constant. MgO and CaO show some variations indicating that the contribution of parental carbonate rocks may be slightly variable.
For the trace elements, Rizal, Philippine tektites have higher Sc, Th, Cr, Zr, Ta, La and Yb as compared with Penglei (China), Wenchang (China), Maoming (China), Khon-Kaen (Thailand) and Bao Loc (Vietnam) tektites. (Taylor and McLennan, 1985) .
Fig. 6. Sm vs. Th and Rb vs. Ba plots for various tektites from
East Asia (this study). The "Earth" line has been calculated from average upper crustal material (Koeberl and Fredriksson, 1986) . East Asia tektites (this study) clearly show a terrestrial upper crustal ratio. Symbols same as in Fig. 3 .
We suggest that Rizal splash form tektites may have more contribution from heavy minerals such as zircon and chromite. The former is enriched in Zr, Ta, Th and REE, while the later is enriched in Cr and Fe. This is consistent with the relatively higher total FeO content found in Rizal splash form tektites averaging 5.45 wt% (Table 2) .
Isotopic composition
Nd and Sr isotopic studies of Australasian tektites provide information on the age and provenance of the target materials and allow us to characterize the target area and the impact process leading to tektite formation (Blum et al., 1992) . Shaw and Wasserburg (1982) showed that tektites from each strewn field have well-defined ranges of Nd and Sr isotopic compositions. Each tektite group is Taylor and McLennan, 1985) . Symbols same as in Fig. 3 Evensen et al. (1978) ; data for Muong Nong-type and splash-form indochinites from Koeberl (1992) ; upper crust from Taylor and McLennan (1985) .
characterized by a uniform Nd model age, T CHUR Nd , interpreted as the time of formation of the crustal segment which weathered to form the parent sediment of the tektites: (1) ~1.15 AE for Australasian tektites; (2) ~1.91 AE for Ivory Coast tektites; (3) ~0.9 AE for moldavites; (4) ~0.65 AE for North American. Several authors (Compston and Chapman, 1969; Taylor, 1969; Shaw and Wasserburg, 1982) previously suggested that the age of the Australasian tektite source material is around 200 to 400 Ma. Based on the Nd and Sr isotopic data, Blum et al. (1992) revealed that the Australasian tektites were derived dominantly from a sedimentary formation with a narrow range of stratigraphic ages, close to 170 Ma (Jurassic), by a single impact event.
Because of the wide age range and Rb/Sr ratios of crustal rocks, the continental crust has a heterogeneous Sr isotopic composition. Tektites from the Australasian strewn field are characterized by quite variable ε Sr (0) isotopic composition (Table 4 ; Fig. 11 ). Wasson (1987 Wasson ( , 1991 suggested that the source of tektites may be a soil such as loess which has a homogeneous Sr isotopic composition (Taylor et al., 1983) . The variable Sr isotopic compositions found in the Australasian tektites may be used as criteria to exclude soil or loess as the dominant parental source rocks.
The Sr isotopic data obtained by the present study support the conclusion reached by Blum et al. (1992) (Fig.  12) , since our data all fall within the wedge-shaped array defined by all Australasian tektites.
The age of the Australasian impact is known to be about 0.77 Ma based on radiometric ages of the tektites and the stratigraphic position of microtektites found in deep-sea sediments of the region (Gentner et al., 1967; Glass, 1979; Burns and Glass, 1989; Lee and Wei, 2000) . The Ar-Ar ages of tektites obtained by the present study (Evensen et al., 1978) . Data for upper continental crust from Taylor and McLennan (1985) , lower crust from Rudnick (1992) , oceanic crust from Hofmann (1988) . Taylor and McLennan, 1985) Ho and Chen (1996) .
Fig. 9. Average REE composition of East Asia splash form tektites (this study) and various source materials normalized to Cl-chondrite
Fig. 10. Upper continental crust (UCC,
Table 4. Summary of Rb-Sr results and model age calculations
range from 736.8 ± 55.5 to 814.6 ± 24.4 ka (Table 5) , which are consistent with the published ages (Burns and Glass, 1989; Wasson, 1991; Lee and Wei, 2000) of the Australasian tektites indicating that the Australasian tektites are or probably are derived from a single impact event.
SOURCE REGION FOR THE AUSTRALASIAN TEKTITE STREWN FIELD
The Australasian tektites strewn field is the youngest and the largest one on earth which covers more than onetenth of the Earth's surface (Glass and Pizzuto, 1994) . Three of the four recognized strewn fields have been chemically and geochronologically associated with impact craters: the Central European with the Ries crater in Germany at 14.5 Ma (Schwarz and Lippolt, 2002) and the Ivory Coast strewn field with the Bosumtwi crater in Ghana at 1.07 Ma (Koeberl et al., 1997) . And the North American may be associated with the Chesapeake Bay structure (Poag et al., 1994; Koeberl et al., 1996) . The site of the impact for the Australasian strewn field has not yet been determined. Bentley (1979) concluded that there was no giant meteorite crater in Wilks Land. Elgygytgyn Crater has a diameter of 18 km and an age of 3.50 ± 0.50 Ma and Zhamanshin Crater has a diameter of 13.5 km and an age of 0.7-1.0 Ma (Matsubara et al., 1991) . Blum et al. (1992) and Koeberl (1994) considered that the source crater for Australasian strewn field should have a diameter of 50 to 100 km. Based on masses of Australasian microtektites, Glass (1993 Glass ( , 2003 suggested that the minimum diameter of source crater for Australasian tektites is around 40 km. Elgygytgyn Crater, Zhamanshin Crater and a structure in Cambodia with a diameter of 10 km may be excluded as source crater. Geographic variations in number, size, shape, petrography and composition of the Australasian tektites suggest that the source region may be in Indochina (Barnes, 1961; Chapman and Scheiber, 1969; Blum et al., 1992; Schmidt et al., 1993; Glass and Pizzuto, 1994) .
Based on the fluence of microtektites (number per cm 2 of the column) recovered from marine cores from oceanic regions near southeast Asia, the East Indies and Australia, Schmidt et al. (1993) concluded that microtektite fluences tend to decrease with increasing distance from southeast Asia. Based on the microtektite concentrations (0) for East Asia tektites (this study and Ho and Chen, 1996) Shaw and Wasserburg (1982) and Blum et al. (1992) . Fig. 12 Blum et al., 1992, Ho and Chen, 1996) . The Y-intercept gives the time of last Rb-Sr fractionation and corresponds to the time of sedimentation of a sedimentary parent material (Blum et al., 1992) . Table 6 for compositional data).
Fig. 13. Correlation plots of compositional data from the mixing model vs. compositional data for East Asia splash form tektites. Mixture used for this model is 61% greywacke, 32% sandstone and 7% shale (see
in core 17957-2 and ODP Hole 1144A as well as data from Glass and Pizzuto (1994) and Lee and Wei (2000) , Glass (2003) predicted a source crater location for Australasian strewn field near 15°N and 105°E which is 3°f arther north and 1° farther west than that predicted by Glass and Pizzuto (1994) and Lee and Wei (2000) but closer to the location predicted by Schnetzler (1992) . In addition, Ford (1988) noted that the size of Muong Nongtype tektites in Thailand decreased toward the west, and that Muong Nong-type tektites from Hainan Island, China are small. Schnetzler and McHone (1996) noted that a small area in Laos has the greatest concentration of Muong Nong-type layered tektites. All Australasian tektites may be derived from a single sedimentary formation with a narrow range of stratigraphic ages close to ~170 Ma (Fig.  12) . The field work of Sato (1992) shows that the limited area near the southern part of the Thailand-Loas border proposed by Schnetzler (1992) as the potential impact site has non-marine Jurassic exposures (Fig. 1) which is consistent with the hypothesis suggested by Blum et al. (1992) based on Sr isotopic data. The geochemical data discussed above support the hypothesis that the source crater for Australasian strewn field appears to be located in a limited area near the southern part of the ThailandLaos border.
MIXING CALCULATIONS FOR APPROPRIATE TARGET MATERIAL OF TEKTITES FROM EAST ASIA
On the basis of previous studies (Koeberl, 1992; Blum et al., 1992; Schnetzler, 1992) and the chemical data of tektites analyzed in the present study, the authors suggest that these tektites may represent the result of melting at a single site. The tektites of the present study are most likely to be derived as splashed melt from Jurassic sedimentary rocks forming the surface layer near the southern part of the Thailand-Laos border where Jurassic non-marine sandstone, siltstone, shale, mudstone and conglomerates with minor intercalation of limestone are exposed (Ridd, 1978; Sato, 1992) . Regrettably, appropriate chemical data of target materials at the potential impact site at the Thailand-Laos border are not available at present. In order to establish a geochemical relationship between all the thirty tektites in this study and their parent materials, the present authors selected a variety of target rocks in the literatures (see Table 6 ) including average post-Archean Australian shale, average Phanerozoic sandstone and average MesoCenozoic greywacke, and perform mixing calculations based on the model proposed by Ho and Chen (1996) for various amounts as well as combinations of these rocks. The results of the mixing model for all the major and trace elements are listed in Table 6. The mixing model does not provide a perfect fit (Fig.  13) , some major elements (e.g., Na 2 O and MgO) and trace elements (e.g., Hf, Ta, Th, and U) contents do not agree exactly. Besides, the REE contents in the mixing model are generally lower than those of the tektites analyzed (Table 6 ). However the model is useful in determining the most possible fit for the parent material of the tektites from East Asia. The best fit for the average composition of thirty tektites analyzed by the present study is a mixture of 61% greywacke, 32% sandstone and 7% shale.
CONCLUSIONS
Based on REE patterns the present authors excluded the lower crust and oceanic crust as the source rocks. The trace elememt ratios Ba/Rb (avg. 3.74), Th/Sm (avg. 2.31), Sm/Sc (avg. 0.43), Th/Sc (avg. 0.99) and REE contents of tektites studied are similar to the average upper continental crust. The La/Th ratio (avg. 2.84) and REE patterns of East Asia tektites are similar to those of postArchean sediments. Based on the results of the chemical and isotopic data of this study, the lunar volcanic origin (Futrell, 2000) and multiple craters origin (Wasson, 1987 (Wasson, , 1991 may be excluded. The Ar-Ar ages of tektites of this study are consistent with the published ages of the Australasian tektites which indicate that the Australasian tektites were derived from a single impact event. On the basis of Rb-Sr isotopic data, the tektites in this study were derived from a single sedimentary formation with a stratigraphic age close to 170 Ma (Jurassic). The potential impact site may be located in a limited area near the southern part of the Thailand-Laos border as suggested (Odin et al., 1982 (Steiger and Jager, 1977 Ho and Chen (1996) (Condie, 1993) ; APSS, average Phanerozoic sandstones (Condie, 1993) ; AMCG, average Meso-Cenozic greywackes (Condie, 1993) by Schnetzler (1992) . Mixing calculations for various amounts and combinations of target rocks indicate that the best fit for the average composition of thirty tektites in this study is a mixture of 61% greywacke, 32% sandstone and 7% shale.
